The level of X-linked inhibitor of apoptosis, the primary endogenous inhibitor of caspase-induced apoptosis, was increased in TP-treated rats compared with the oil-treated males. Conclusions: Neonatal exposure to exogenous testosterone upregulates testicular aromatase expression in male rats and leads to adult neuroprotection secondary to changes in serum estradiol levels and cell death proteins. This study suggests that early exposure to gonadal hormones can have dramatic effects on the response to adult cerebrovascular injury.
3] . Differences in stroke incidence and stroke mortality are also seen in neonatal and pediatric populations, suggesting ischemic sensitivity is programmed during early development. Boys have higher incidence and poorer outcomes after stroke compared to age-matched females [4, 5] , and elevations in serum testosterone levels have been implicated as a contributing factor to this 'ischemia-sensitive' phenotype. Interestingly, this pattern reverses in aged populations. These sex differences have been recapitulated in the laboratory [6, 7] . As these sex differences are seen in both early development and in the aged, when hormone levels are relatively equivalent between the sexes, ischemic sensitivity likely reflects a complex interaction between sex chromosome compliment, the organizational effects of prenatal steroid exposure, and later activational effects of gonadal steroids on the cerebrovascular system.
Estradiol's protective effects in ischemic stroke have been well documented in the preclinical literature [8] ; however, the few studies examining the role of androgens in stroke have been somewhat contradictory [9] . In young adult animals, castration significantly reduces ischemic injury. Supplementation with testosterone or its nonaromatizable metabolite dihydrotestosterone (DHT) restored infarct volumes to levels seen in intact males. However, others have shown that testosterone or DHT supplementation can decrease infarct size, and that the effects of androgens are critically dependent on the age of the animal examined [10, 11] . This is consistent with recent data obtained in clinical populations; higher testosterone levels were associated with an increased risk of thromboembolic events in pediatric populations [4] , but low testosterone levels predicted incident stroke in older men. This suggests that low testosterone levels are associated with increased vascular risk in adult populations [5, 12, 13] . Testosterone plays a crucial role in the sexual differentiation of gonads as well as in the development of sexual dimorphic regions of the brain [14] [15] [16] [17] . Androgens are particularly important during the perinatal periods as the levels and activity of aromatase (P450arom), the enzyme that converts testosterone to estradiol, leading to brain masculinization, are highest during this period. Baseline aromatase activity and expression are higher in male neurons [15] . Ischemia leads to an increase in brain aromatase expression in both sexes possibly reflecting an endogenous protective mechanism [18] .
Gonadal steroids also act in a different chromosomal environment in males and females (XX vs. XY) . Several recent studies have demonstrated that the molecular cell death pathways activated in response to ischemic injury differ based on the sex of the animal, or cell examined [reviewed in 19 ] . Male neurons are exquisitely sensitive to cell death induced by molecules such as poly ADP-ribose polymerase (PARP-1), a key DNA repair enzyme activated by stroke which triggers the release of mitochondrial apoptosis-inducing factor (AIF). Females in contrast, are exquisitely sensitive to caspase-mediated cell death, which is regulated by X-linked inhibitor of apoptosis (XIAP), the primary endogenous inhibitor of caspase activation [20] . It is currently unknown when during development these sex differences in ischemic sensitivity arise, and how neonatal hormone exposure contributes to the development of sex-selective cell death mechanisms.
In the present study, we examined the effect of exogenous neonatal androgen exposure on subsequent adult stroke sensitivity. Testicular testosterone production peaks in rat development in the late gestational period (E18) and is high throughout the first few postnatal days. Using a previously established dosing protocol, neonatal male rats were administered exogenous androgens during the first week of life and subjected to middle cerebral artery occlusion (MCAO) in adulthood [21] . Male rats were utilized in this study as we were interested in the effect of excess testosterone on the masculinized and testosterone-sensitive brain during the period of highest brain plasticity. Previous studies have shown that exogenous testosterone in vitro upregulates aromatase mRNA in germ cells [21] , which may have a significant impact on the brain's response to ischemic injury. Therefore, this work was undertaken to determine if exogenous testosterone would exacerbate or reduce subsequent ischemic injury in adulthood. Infarct damage, brain and gonadal aromatase levels, and the effect of exogenous neonatal testosterone on cell death programming were evaluated. We specifically avoided early castration in this study to avoid possible preconditioning effects.
Methods

Animals and Hormone Injections
Male Wistar rats were subcutaneously injected with 0.1 mg testosterone propionate (TP; Sigma, St. Louis, Mo., USA) in 0.05 ml sesame oil or 0.05 ml sesame oil alone for postnatal days 1 through 5 [22] , or implanted with a DHT pellet (0.5 mg, 7-day release) or placebo pellet (Innovative Research of America, Sarasota, Fla., USA) subcutaneously in the scapular area on postnatal day 1. Each treated group was compared to its vehicle-treated cohort. Rats remained in a temperature controlled animal room with 12 h alternating light and dark cycles until they reached sufficient weight for MCAO (at least 300 g) at approximately postnatal day 80. Three different adult cohorts were utilized in this study: (1) TP and oil group for infarct analysis (TP n = 15, oil n = 14); (2) DHT and placebo group for infarct analysis (DHT n = 15, placebo n = 13), and (3) TP and oil group for protein analysis from brain and gonads (stroke n = 8, sham n = 4 for both). Serum hormone levels and gonad weights were measured in all animals at sacrifice. An additional neonatal (PND16) TP or oil-treated cohort consisting of 11 animals in each group was used to assess neonatal hormone levels and gonad weights. Two sham and four stroke samples in group 3 were examined for Western blot analysis, and the remaining four stroke and two sham samples were utilized for the brain aromatase activity assay as well as aromatase enzyme-linked immunoassay (ELISA). This study was conducted in accordance with the NIH guidelines for the care and use of animals in research and under protocols approved by the Animal Care and Use Committee of the University of Connecticut Health Center.
Ischemic Model
Cerebral ischemia was induced by 90 min of right reversible MCAO model under isoflurane anesthesia as previously described [23] . Rectal temperature was monitored with a MONOTHERM system and maintained at approximately 37 ° C during surgery and ischemia with an automated temperature control feedback system. A midline ventral neck incision was made, and unilateral MCAO was performed by inserting a silicone rubber-coated monofilament (Doccol Corp, Redlands, Calif., USA) into the right internal carotid artery 18 mm from the internal carotid/pterygopalatine artery bifurcation via an external carotid artery stump. Sham animals underwent the same procedure, but the suture was not advanced into the middle cerebral artery. Laser Doppler flow (Moor Instruments Ltd., Axminster, UK) was measured through the thinned skull over the right temporal fossa. Only the mice whose cerebral blood flow (CBF) showed a drop of over 70% of baseline just after MCAO were included. Animals were sacrificed at 24 h after the onset of ischemia for all experimental procedures. Neurologic deficit score was measured at the time of sacrifice (24 h). The behavior scoring was as follows [24] : 0, no deficit; 1, forelimb weakness and torso turning to the ipsilateral side when held by tail; 2, circling to affected side; 3, unable to bear weight on affected side, and 4, no spontaneous locomotor activity or barrel rolling.
Histology and Assessment of Infarct
At 24 h after stroke/reperfusion, rats were sacrificed with pentobarbital overdose (i.p.). Animals were perfused transcardially with ice-cold PBS followed by 4% paraformaldehyde; the brain was removed from the skull and post-fixed for 18 h, and subsequently placed in cryoprotectant (30% sucrose). The brain tissue was cut into 30-m free-floating coronal sections on a freezing microtome and every eighth slice was stained by cresyl violet staining for evaluation of ischemic cell damage [25] . The infarct volumes were analyzed using Sigmascan Pro5 and expressed as a percentage of the contralateral hemispheric structure to correct for edema (Swanson's method) as previously described [23] . Analysis was performed by an investigator blinded to treatment group.
Estradiol, Testosterone, DHT and Aromatase ELISAs
Blood was taken at sacrifice from the right ventricle with heparinized syringes and centrifuged at 6,000 rpm for 10 min at 4 ° C to yield serum for hormone detection. Serum was stored at -80 ° C until use. ELISAs were performed using kits for testosterone (Beckman Coulter, Brea, Calif., USA) and 17 ␤ -estradiol (BioQuant, San Diego, Calif., USA) following the manufacturers' protocol. Male gonads and brains were homogenized according to the manufacturer's protocol for aromatase ELISA (USCNK, Missouri City, Tex., USA).
Brain Aromatase Assay
Brain tissue was obtained 24 h after onset of MCAO by rapid removal of brain with subsequent removal of the cerebellum/occipital pole, olfactory/frontal pole, and striatum and hippocampus, leaving the cortex. The hemispheres were separated and flash frozen in 2-methylbutane and stored at -80 ° C until use. Aromatase activity was measured using a sensitive in vitro assay that measures the amount of 3 H 2 O formed during the conversion of a saturating concentration (0.3 M ) of [1beta-3H] androstenedione to estrone [14] .
Protein Analysis
Brain tissue was obtained at 24 h after onset of MCAO by rapid removal of brain with subsequent removal of the cerebellum/ occipital pole and olfactory/frontal pole. The samples were flash frozen in 2-methylbutane and stored at -80 ° C until use. Subcellular fractionation was performed on the ischemic (right) hemisphere as previously described [26] to yield cytosolic fractions. Protein concentrations were determined by bicinchoninic acid assay Protein Assay Kit (Thermo Fisher Scientific Inc., Rockford, Ill., USA) and subjected to Western Blotting as previously described [23] . Briefly, proteins were resolved on SDS-PAGE gradient gels (4-15%) and transferred to a polyvinylidene difluoride membrane. Blots were probed for XIAP (1: 250; BD Biosciences) and ␤ -tubulin (1: 1,000; Abcam) as a cytosolic loading control. Blots were incubated in 5% nonfat milk in TBST (Tris-buffered saline with 0.1% Tween 20) for 1 h at room temperature for membrane blocking. Then, the blots were incubated overnight at 4 ° C in primary antibody diluted in 4% BSA in TBST. Secondary antibodies (goat anti-rabbit IgG 1: 5,000 and goat anti-mouse IgG 1: 2,000; Santa Cruz) were diluted, and signal was detected with ECL kit (Amersham Biosciences). Densitometry was performed with Photoshop.
Statistics
Data from individual experiments are presented as the mean 8 SEM and analyzed with a t test when comparing two groups, and two-way ANOVA for the comparison of the means between multiple experimental groups. Neurological deficit scores (NDS) are presented as median (interquartile), and were analyzed with a Mann-Whitney U test. p ! 0.05 was considered statistically significant. All histological measurements and behavioral assessments were made by investigator blinded to treatment group.
Results
Physiologic Differences between TP-and DHT-Treated Rats Compared with Vehicle Cohorts
Male rats treated with TP during the neonatal period had similar body weights in adulthood as oil-treated male rats ( table 1 ) . However, DHT-implanted male rats were significantly smaller than placebo-implanted males in adulthood (DHT vs. placebo: 391 vs. 426.6 g; n = 15 and 13, respectively; p ! 0.001). All animals had similar body temperature during MCAO, which was in the physiological range, and similar reductions in CBF during both MCAO and early reperfusion as seen by laser Doppler flow in TP versus oil or DHT versus placebo (see table 1 ).
Differential Effects of Neonatal TP and DHT on Stroke Outcomes
Neonatal TP-injected and oil vehicle-injected rats were allowed to age until adulthood prior to MCAO. Measurements of infarct volume 24 h after stroke showed that TP-treated males had significantly smaller infarct volumes than their oil-treated counterparts in both the striatum and overall in the ipsilateral (stroke) hemisphere ( fig. 1 a, b) . Cortical infarct volumes were not significantly different between the groups. In contrast, males treated with DHT had no difference in infarct size as compared to their placebo-treated littermates in any brain area examined ( fig. 1 a, c) . TP rats had lower NDS compared to the oil-treated group 24 h after stroke, but this difference was not significant [TP vs. oil: 2 (1, 2) vs. 2 (1, 3); data presented as median (1st quartile, 3rd quartile); fig. 1 
Exogenous Neonatal TP but Not DHT Influenced Adult Serum Sex Hormone Levels and Gonadal Weights
As TP can be converted by aromatase into estradiol, which is neuroprotective in many preclinical stroke models [27] , the serum levels of circulating sex hormone levels were assessed. Serum from adult animals was assayed for estradiol and testosterone levels in TP-, DHT-, and vehicle-treated rats. Significantly lower serum testosterone levels were seen in TP-treated rats, which also had a significant elevation in serum estradiol levels compared to oil-treated males ( fig. 2 a, b) . This pattern was also seen in TP-treated sham rats compared to oil-treated shams (sham: TP vs. oil, testosterone 5.9 vs.14.2 ng/ml, estradiol 36.2 vs. 14.6 ng/ml; n = 4/group). Administration of neonatal DHT did not influence testosterone or estradiol levels at the time of stroke in males ( fig. 2 c, d) .
Gonadal weights were assessed to determine the end effect of exogenous neonatal testosterone and DHT on peripheral reproductive tissues. As seen previously [28] , exposure to androgens in early development had profound effects on the testes. Rats exposed to either neonatal TP or DHT had significantly smaller testes compared to the vehicle-treated group, suggesting similar peripheral effects of both of these androgens on peripheral tissue ( fig. 2 e, f) . Because of the discrepancy in body weights, gonad weights relative to body weights and the gonad/ body weight ratio were assessed. The testes were consistently smaller in the TP and DHT groups when compared to the oil and placebo control groups, respectively ( fig.  2 g, h) .
Neonatal TP Treatment Increased Adult Gonadal Aromatase Levels but Not in the Brain
To determine the possible mechanisms by which neonatal TP treatment led to an increase in adult serum estradiol levels and subsequent neuroprotection that was not seen after treatment with the non-aromatizable androgen DHT, brain and gonadal aromatase levels were measured. A significant increase in gonadal aromatase was seen in adult TP-treated males compared with oiltreated males ( fig. 3 a) . No differences between groups were seen in brain aromatase levels ( fig. 3 b) or brain (cortex) aromatase activity ( fig. 3 c) .
Exogenous TP Treatment also Influenced Acute Neonatal Sex Hormone Levels
Due to the observed robust differences in adult serum hormone levels in the TP-treated rats, we were interested to see if this response was also present in neonates shortly after testosterone injection. PND16 TP-treated male pups had significantly decreased gonad weights compared with oil pups, consistent with what was seen in the adult group ( fig. 4 a) , which was consistent when gonad weight was measured relative to body weight ( fig. 4 b) . There were no significant differences in testosterone levels at this time ( fig. 4 c) , but TP-treated pups had significantly decreased estradiol levels compared with the oil group at this early time point ( fig. 4 d) , opposite to what Values are expressed as mean 8 SEM. N o significant differences in physiological parameters were seen between groups, except that body weight differed between DHT and placebo groups. was observed in adults. Interestingly, aromatase levels in the testes of TP-treated pups was also significantly decreased compared with oil-treated pups ( fig. 4 e) , unlike the higher gonadal aromatase levels observed in adulthood. Homogenized brain samples from these rats at PND16 showed no difference in aromatase levels between groups (data not shown).
Sex-Specific Cell Death Pathways May Be Influenced by Exogenous Sex Hormone Treatment
To determine if neonatal TP administration influenced levels of key sex-specific cell death-signaling molecules, levels of XIAP, the most potent endogenous inhibitor of caspase activation, were directly examined. XIAP levels in adulthood were increased in rats exposed to neonatal TP compared to vehicle-treated controls ( fig. 5 a, b) . Increased XIAP was seen in both sham and stroke TP-treated males, suggesting that the increase in XIAP is not dependent on injury but was a consequence of treatment with TP.
Discussion
In this study, we investigated the role of testosterone in the response to stroke. More specifically, we examined how exposure to neonatal androgens can affect the male brain's response to a subsequent ischemic injury in adulthood. Adult females have less damage after experimental stroke, but whether this is secondary to reduced exposure to a detrimental hormone (androgens) or exposure to a potentially beneficial hormone (estradiol) and when this ischemic phenotype develops is unclear. We used a developmental model, as our goal was to explore when sexual Serum testosterone and estradiol levels as well as gonadal weights were affected by neonatal testosterone and DHT injection in adult animals. a Serum testosterone levels were increased in oil-compared to TP-treated rats at the time of sacrifice ( * * * p ! 0.0001 vs. oil group, n = 10/group). b Serum estradiol levels were increased in TP-compared with oil-treated male rats at the time of stroke ( * * * p ! 0.0001 vs. TP group, n = 7/group). Serum levels of testosterone ( c ) and estradiol ( d ) were not significantly different between DHT-and placebo-pellet-implanted rats at the time of sacrifice (DHT n = 15, placebo n = 13).
dimorphism in stroke sensitivity occurs. This study revealed several unexpected and important new findings that elucidate the contribution of early hormonal exposure to adult ischemic sensitivity. Firstly, exposure to exogenous neonatal TP alters the subsequent sensitivity to ischemic injury in adult rats, leading to significant reductions in infarct size. In contrast, neonatal exposure to the non-aromatizable androgen DHT had no effect on infarct volume. The change in infarct volumes with TP administration was not accompanied by improvement of NDS; however, the NDS often does not correlate with infarct size [20, 29, 30] . Secondly, neonatal TP exposure leads to dramatic changes in circulating adult steroid hormone levels, resulting in a decrease in serum testosterone but a significant increase in estradiol levels compared with vehicle-treated controls. Thirdly, a bi-phasic change in testicular aromatase levels was revealed in rats exposed to neonatal exogenous TP, with a suppression of gonadal aromatase during the acute exposure period (developmental) followed by a significant increase in aromatase levels in adulthood. This increased peripheral aromatase expression likely contributes to the higher serum estradiol levels at the time of stroke. Finally, neonatal TP exposure led to lifelong changes in the levels of XIAP, a key anti-apoptotic protein that regulates cell death in the female brain, providing a possible mechanism for the reduction in infarct damage seen in TP-treated animals.
Although the activational effects of gonadal steroids have been well described [31] , this is the first report of the consequences of neonatal hormone exposure on adult ischemic stroke sensitivity. Experimental studies [32, 33] have shown that an increase in testicular androgen production occurs and peaks in the late gestational period, around E18 and con- Serum testosterone and estradiol levels as well as gonadal weights were affected by neonatal testosterone and DHT injection in adult animals. e Gonadal weights were decreased in TP-injected males compared to oil controls ( * * * p ! 0.0001 vs. oil group, n = 15 for TP group, n = 14 for oil group). f Adult gonad weights of DHT-implanted male rats were decreased compared to placebo male rats ( * * * p ! 0.0001 vs. placebo group, n = 15 for DHT group, n = 13 for placebo group). Relative gonad/body weights were decreased in the TP group compared to the oil group ( g ) as well as in the DHT group compared to the placebo group ( h ) ( * * * p ! 0.0001).
tinues in the first days of life [34] . Much of this testosterone is aromatized into estradiol and leads to the development of sexually dimorphic areas of the brain. Females do not experience this same increase in circulating estradiol during the perinatal stage due to the lack of testes and high levels of circulating ( ␣ -fetoprotein) which binds circulating (serum) estradiol. However, circulating testosterone enters the brain and can be aromatized to produce local estradiol, leading to brain masculinization [35] . To be consistent with what little is known in the literature regarding androgens and brain development, we chose to use a dose that has been previously utilized and reported in the literature [22] .
In the present study, neonatal TP and DHT administration led to very different effects on ischemic sensitivity in adult male rats, which is evidently related to changes in adult hormone levels induced by TP and DHT exposure. The beneficial effects of TP were somewhat unexpected as we initially hypothesized that early TP exposure would worsen ischemic injury based on previous clinical and laboratory data. The neuroprotective effect of early TP exposure led us to examine serum estradiol levels, which were significantly higher in TPtreated rats. As a major source of estradiol is via aromatization of testosterone, and aromatase is known to be involved in ischemic injury, we then examined both serum and brain aromatase levels. Our results demonstrate that excess neonatal testosterone increases aromatase expression peripherally, but not centrally, and results in reduced infarct volumes. Interestingly, this may also explain the observation that TP treatment reduced infarct in the striatum but not in the cortex as the expression of estradiol receptors is lower in the cortex than in the striatum in rodents; therefore, TP treatment would more selectively benefit the striatum if the effect is mediated by aromatization of testosterone into estradiol. However, it should also be noted that the infarct volume in the cortex is much smaller than that in the striatum; therefore, it may be that although estradiol treatment is also neuroprotective in the cortex, but that the cortical infarct was so small in both groups (oil and TP) that treatment did not make a significant difference due to 'floor effects'. Increased testicular aromatase levels in TP-injected rats at the time of stroke. a Aromatase levels measured by ELISA in gonads were dramatically increased in TP-injected males compared to oil-injected rats ( * * * p ! 0.001 vs. TP group, n = 6/group). No differences in aromatase levels ( b ) and activity ( c ) in the brain (cortex) between TP-and oil-treated rats at the time of stroke (n = 4/group).
We cannot exclude a potentially beneficial effect of the significant reduction in serum testosterone in TP-treated males (as seen in fig. 2 a) , especially as testosterone has been shown to be deleterious in several stroke models [36] , and this reduction in serum testosterone was not seen in DHT-treated animals ( fig. 2 c) . Currently, the data on the effects of androgen on ischemic stroke outcomes are conflicting, even in the pre-clinical literature [36] as studies have shown that androgens can either protect or exacerbate ischemic damage depending on the dose used and the age of the animal examined [37] . These uncertainties are reflected in the clinical literature as low circulating testosterone levels are associated with higher stroke incidence and worse outcomes in men over age 70 [12, 13] but attempts to replace testosterone led to an increase in vascular risk in elderly men [38] . In pediatric populations, high testosterone appears to be a risk factor for stroke [5] , but how much of this risk is from hormonal factors, and how much is from genetic factors (i.e. XY)
is not yet known. Similar findings are seen in premature Neonatal TP administration led to changes in serum hormone levels and gonadal aromatase levels in PND16 rats. TP males had significantly decreased gonad weights ( a ) as well as gonad/body weights ( b ) but no difference in testosterone levels ( c ) compared with vehicle-treated animals. d TP-treated males had decreased serum estradiol levels compared to oil controls at PND16. e Testicular aromatase levels in TP males were significantly decreased compared to oil-treated males ( * * * p ! 0.001 vs. oil group, n = 11/group).
infants, with males having lower survival and poorer outcomes than females, at a stage of development which is similar to the analogous developmental stage used in these studies [39] . Androgen levels also dramatically drop following both experimental and clinical stroke [11, 40] which may contribute to the lower levels seen in epidemiological studies. It is unlikely that the low serum testosterone levels seen in this study were simply secondary to the ischemic injury, as TP-treated sham rats also had significantly decreased testosterone levels compared to oil-treated shams. Estradiol supplementation decreases infarct volumes in both ovariectomized females and in adult males [27, 41, 42] , suggesting that its neuroprotective actions are independent of sex. As neonatal DHT resulted in neither an increase in estradiol nor neuroprotection, we hypothesized that these effects were mediated by TP's actions on aromatase. The significant increase in gonadal aromatase levels in male rats treated with TP suggests a potential mechanism for the increase in serum estradiol. Our results are consistent with a previous in vitro study in germ cells that demonstrated that the addition of testosterone upregulated P450arom mRNA levels in Sertoli Cells and Leydig cells resulting in an increase in estradiol production, an effect not seen after DHT exposure [21] . Genetic deletion of aromatase led to an enhancement in ischemic injury after focal stroke in females lacking aromatase (ARKO), and the detrimental effects of aromatase loss on infarct were significantly more pronounced than seen with the loss of peripheral estradiol with ovariectomy, suggesting an additional effect of local brain estradiol generated by aromatization [43] . Several studies have shown that upregulation of brain aromatase occurs after mechanical and ischemic injury [18, 43, 44] . This work suggests that the beneficial effects of neonatal TP exposure on subsequent stroke were mediated by changes in peripheral (gonadal) aromatase expression as no changes were seen in brain aromatase levels ( fig. 3 b, c) . However, these results must be interpreted with caution as there was variability in the samples obtained from brain. We also utilized cortical brain homogenates of the ipsilateral versus the contralateral hemisphere which may have masked small but important changes in aromatase levels in specific areas of the brain. We confirmed the lack of an effect on central aromatase levels with an aromatase assay that utilized the entire hemisphere (minus the occipital pole) which, similar to the cortical activity assay, showed no difference between groups ( fig. 3 b) .
Intriguingly, a different pattern of hormone level changes emerged when serum levels were assessed early in the life of TP-treated rats. In this cohort, there was no significant difference in testosterone levels between the TP and oil groups, but a robust decrease in estradiol was seen in the TP group compared with oil controls at PND16. Physiologically, there is an increase in estradiol production in the immediate neonatal period which decreases over several days [28] . One previous study directly examined Sertoli cell number and hormone levels in male rats after injection with TP on PND1-5 [28] , and found an increase in serum estradiol on PND16 in TPtreated neonates, but lower levels on PND6 compared to controls. Our findings suggest that in the immediate weeks after TP injection, testosterone suppresses peripheral aromatase production, preventing estradiol conver- . XIAP levels were increased in adult males exposed to neonatal TP. a Representative Western blots of XIAP protein in sham and stroke rats. ␤ -Tubulin served as loading control (sham n = 2, stroke n = 4). b Quantification showed XIAP levels were increased in TP rats both with and without (sham) injury. The optical density was expressed as the ratio of XIAP bands to control bands ( ␤ -tubulin; * * p ! 0.05 vs. oil groups). Semi-quantitative analysis of densitometry was performed from four independent sets of data.
sion; however, as the rat ages, aromatase production in the testes is enhanced and surpasses that of control leading to an enhanced production of estradiol in adulthood.
In neonates, TP exposure may decrease Sertoli cell proliferation as well as testosterone production by Leydig cells due to negative feedback on GnRH, FSH and LH which would lead to later testicular atrophy, as was seen at both time points (PND16 and PND80) in this study [45] . Because of these variations in hormones in the neonatal period, it is possible that a hypoxic or ischemic event in the neonatal period, before permanent changes in the hormonal axis occur, would lead to an exacerbation of injury.
In this study, the DHT-treated rats had consistently smaller body weights compared with placebo-treated animals. DHT inhibits the growth of adipocytes, and a growth suppressing effect of DHT has been observed in both male and female chicks at intermediate and high doses [46, 47] . Interestingly, both DHT and TP rats had equivalently decreased gonad weights compared with their control counterparts regardless of the different body weights; therefore, it is likely that the change in body weight is not contributing to our results and that TP and DHT are exerting the comparable effects on the HPG axis.
Previous work by our lab and others has shown that females are exquisitely sensitive to caspase-induced cell death [48, 49] , a process mediated by the upstream regulatory protein XIAP [50] . Increased levels of circulating estradiol has been reported to induce the expression of XIAP, leading to enhanced caspase inhibition [51] , consistent with our results. Future studies will examine levels of XIAP in DHT-treated animals to confirm this possible estrogenic effect. The increase in XIAP seen in our animals may be responsible for the smaller infarcts as increasing XIAP would lead to a decrease in caspase-induced cell death after injury if the male cell death pathway is 'feminized' by early treatment with TP. This will be investigated in future studies by utilizing a pharmacological inhibitor of XIAP or directly antagonizing estradiol effects with estradiol receptor antagonists.
In conclusion, this study has revealed a novel organizational effect of exogenous androgen exposure on sensitivity to ischemic stroke in the male brain. Neonatal testosterone exposure leads to higher adult serum estradiol levels and subsequent neuroprotection in adulthood, whereas DHT does not, an effect that may be secondary to enhanced aromatization. Neonatal TP exposure also led to changes in sex-specific cell death signaling evidenced by increased expression of XIAP in male rats. This study is a first step towards our understanding of the organizational effects of gonadal steroids and the developmental basis of adult cerebrovascular risk. Understanding these pathways may lead to the development of more efficacious neuroprotective agents and enhance prevention efforts to those at high risk, hopefully leading to reduction in the burden of stroke in all ages.
